The cytokine Interleukin (IL)-21 exerts pleiotropic effects acting through innate as well as adaptive immune responses. The activities of IL-21 are mediated through binding to its cognate receptor complex composed of the IL-21 receptor private chain (IL-21Rα) and the common γ-chain (γC), the latter being shared by IL-2, IL-4, IL-7, IL-9, and IL-15. The binding energy of the IL-21 ternary complex is predominantly provided by the high affinity interaction between IL-21 and IL-21Rα, while the interaction between IL-21 and γC, albeit essential for signalling, is rather weak. The design of IL-21 analogues, which have lost most or all affinity towards the signalling γC chain, while simultaneously maintaining a tight interaction with the private chain, would in theory represent candidates for IL-21 antagonists. We predicted the IL-21 residues which compose the γC binding epitope using homology modelling and alignment with the related cytokines, IL-2 and IL-4. Next we systematically analyzed the predicted binding epitope by a mutagenesis study. Indeed two mutants which have significantly impaired γC affinity, while undiminished IL-21Rα affinity were successfully identified. Functional studies confirmed that these two novel hIL-21 double-mutants do act as hIL-21 antagonists.
IL-21 which is produced by activated CD4+ T cells, T-follicular helper cells and natural killer T (NKT) cells (1) has been demonstrated to exert pleiotropic effects on the proliferation, differentiation and cytotoxicity of various classes of lymphoid cells. More recently, IL-21 has furthermore been shown to play a crucial role in the differentiation of CD4 + T cells into Thelper 17 (TH 17 ) cells, a subset of T cells associated with development of inflammatory conditions and autoimmune diseases (2;3). IL-21 signals through its receptor complex composed of the 'private chain' IL-21Rα and the 'common chain' , γC, the latter of which is shared by five other cytokines: IL-2, IL-4, IL-7, IL-9 and IL-15 (1) . Together these cytokines constitute the so-called γC family of cytokines. In spite of the rather limited sequence homology (on average 15% sequence identity), these γC cytokines share a highly conserved overall fourhelix bundle topology.
Previously, we have reported the threedimensional structure of human IL-21 (hIL-21) resolved by heteronuclear NMR spectroscopy (4) . The structure of hIL-21 was shown to comprise a typical up-up-down-down four-α-helical-bundle topology similar to that observed for several other type I cytokines, including the γC cytokines IL-2, IL-4, and IL-15. Noteworthy, a segment of hIL-21, including the helix C that by modeling is presumed to be important for IL-21Rα binding, was demonstrated to represent a structurally unstable segment, not observed in the structures of other γC cytokines. A chimeric variant in which this flexible segment of hIL-21 had been exchanged with the corresponding IL-4 sequence was constructed and demonstrated to have a 10-fold increase in potency in a cellbased assay (4) .
Functional receptor complexes for this family of cytokines consist of hetero-dimeric structures, which besides the γC receptor chain include a 'private chain'. Within this complex, the γC chain provides the crucial capacity for signalling, while the specificity and high affinity of the cytokine-receptor interaction is conferred predominantly by the private chain. The active IL-21 receptor complex thus constitutes the ternary complex IL-21/IL-21Rα/γC (5;6).
The corresponding signalling complex of IL-4: IL-4/IL-4Rα/γC has been shown to be assembled in a sequential fashion, initiated by high affinity binding of IL-4 to the 'private chain', IL-4Rα followed by recruitment of γC thus leading to the formation of the ternary complex (7) . Recently the structure of this complex has been resolved by X-ray crystallography revealing specific amino acid residues of IL-4 that are involved in the binding of each of the receptor chains (7) . Interestingly, preceding this structural knowledge of the IL-4 cytokine/cytokine receptor complex, IL-4 antagonists had been identified through systematic mutagenesis, seeking to abolish binding to the signalling receptor chain γC while preserving high-affinity binding to the IL-4Rα chain (8) .
A crystal structure has furthermore been reported for the γC cytokine IL-2 (9) . In contrast to IL-4 and IL-21, the high-affinity signalling complex of this cytokine is composed of a quaternary complex: IL-2/IL-2Rα/IL-2Rβ/γC of which the IL-2Rβ receptor chain is homologous to the private chains of the IL-4 and IL-21 signalling complexes, while the IL-2Rα receptor chain is a non-signalling receptor chain with no (known) homologous equivalent for the IL-21 receptor complex.
The IL-2 and IL-4 interfaces toward γC in both of these complexes are strikingly similar, and characterized by a rather conserved apolar "canyon" on the cytokines which accommodate the protruding γC binding loops through nearideal shape complementarity (7) . Furthermore the structurally equivalent side chains of the IL-2 residues E IL-4 , respectively, make analogous interactions with γC. The cytokine contact residues donated by γC furthermore maintain similar conformations in both of these IL-2 and IL-4 complexes indicating that cross-reactivity is not occurring through structural plasticity of γC. Residues of the cytokines which were identified by structure resolution as contacts towards γC are in close agreement with results previously obtained through mutagenesis studies (10) . Overall, mutagenesis and BIAcore studies have shown that the γC epitope for the cytokines, IL-4 and IL-21, are not identical although partially overlapping (11) . Together these data strongly indicated that a similar structural basis for γC binding exists within the γC -cytokine family.
Similarly to IL-4, IL-21 has been shown to bind with high affinity to its cognate private chain IL-21Rα (K D 70 pM), and with a considerably lower affinity to the γC chain (K D 160 µM), implicating a sequential binding mechanism similar to that of IL-4 (7;11). By analogy, an IL-21 variant in which binding to γC had been eliminated, while binding to the Rα chain was retained, would thus be considered a likely candidate for an IL-21 antagonist.
In the present report, we have applied a rational approach towards the generation of hIL-21 antagonists. Firstly, residues predicted to constitute part of the γC binding interface, and thus possibly being implicated in the binding of this receptor chain, were identified by homology modelling based on the structures of IL-2 and IL-4 in complex with γC, and through knowledge of the NMR structure of IL-21. Subsequently, through mutagenesis, these residues constituting the predicted γC binding epitope were explored with respect to their effect on the binding of γC and IL-21Rα. Finally, through the combination of mutants demonstrated to have impaired γC affinity, while undiminished IL-21Rα affinity, we have identified two hIL-21 double-mutants as novel hIL-21 antagonists.
EXPERIMENTAL PROCEDURES
Homology Modelling. The NMR structure of human IL-21 (PDB code 2oqp), and the crystal structures of human IL-2/IL-2Rβ/γC (PDB code 2b5i) and IL-4/IL-4Rα/γC (PDB code 3bpl) were superimposed using the programme Discovery Studio. According to this structural superimposition, the sequences of IL-21, IL-2 and IL-4 were aligned and the alignment adjusted by hand. IL-21Rα was aligned to IL-2Rβ and IL-4Rα based on the primary sequence. Structural information of γC was taken from the IL-2 and IL-4 complexes. Based on the alignment, a homology model was built for the hIL-21/IL-21Rα/γC complex using the Modeller programme (http://www.salilab.org /modeller/) integrated in Discovery Studio. The model quality was examined through Profiles-3D. Finally, using a 5Å cut-off, the potential γC binding residues on hIL-21 were identified.
Expression of hIL-21 variants. A full-length cDNA of human IL-21 including a C-terminal HA epitope-tag (YPYDVPDYA) was inserted into the pcDNA3.1(+) vector to construct a eukaryotic expression plasmid.
Site-directed mutagenesis was performed on the pcDNA3.1(+)/hIL-21HA plasmid using a QuikChange ® mutagenesis kit (Stratagene) according to the manufacturer's instructions to create the hIL-21 variants. DNA sequencing was subsequently used to confirm the integrity of the mutants.
Plasmid DNA encoding the respective recombinant protein was transfected with 293fectin TM reagent (Invitrogen) into FreeStyle HEK293 cells. For protein production, cells were grown in serum free FreeStyle 293 medium containing 4 mM glutamine, 1% PLURONIC ® F68 and Penicillin-Streptomycin antibiotics at 1 x 10 6 cells per ml and incubated with shaking for 3 days at 37°C, 8% CO 2 . Supernatants were collected and concentrated by ultrafiltration.
Relative concentrations of IL-21 fusion proteins were determined by an AlphaScreen® HA Detection Kit (PerkinElmer Life Sciences, Cat. No. 6760612C) and performed in triplicate in 96-well white opaque half-area plates (PerkinElmer) as follows: First, 15 µl of biotinylated-HA (30 nM final concentration) was incubated with decreasing concentrations of hIL-21HA variants, prepared by serial dilutions in binding buffer. After 10 minutes, 10 µl anti-HA acceptor beads (1:100 dilution) were added to each well and incubated for 60 min at room temperature. Then, 10 µl streptavidin-coated donor beads (1:100 dilution) were added to each well and incubated for 60 min at room temperature. All additions and incubations were made in subdued lighting conditions due to photosensitivity of the beads. The assay was measured on an EnVision™ microplate analyzer.
Receptor extracellular domain expression and purification. Expression vectors encoding hIL-21Rα (residues 1-232) and γC (residues 1-254), both including at the C-terminal end a His 6 tag, were transiently expressed in FreeStyle HEK293 cells. Supernatants were collected for analysis on day four post transfection. Similarly, IL-21Rα (residues 1-232) including a C-terminal Avi-tag (GLNDIFEAQKIEWHE), IL-21Rα-Avi (12) was expressed as described above.
Purification steps: (a) Supernatant of His 6 -tagged IL-21Rα or γC was concentrated and buffer exchanged into PBS (10 mM sodium phosphate, 0.15 M NaCl, pH 7.4) by ultrafiltration; (b) target proteins were captured by Ni 2+ chelating Sepharose Fast Flow (Pharmacia) equilibrated with PBS buffer, and eluted with PBS plus 500 mM Imidazole; (c) the eluted proteins were concentrated to 5-10 mg/ml by ultrafiltration (10 kDa cutoff, Amicon) and applied to a 16/60 column of Superdex75 (GE Healthcare) equilibrated with the same PBS buffer. The major protein peak was collected and concentrated to 5-10 mg/ml by ultrafiltration (10 kDa cutoff; Amicon). The protein concentration was estimated by the absorption at 280 nm using the molar extinction coefficient (IL-21Rα- ALPHAScreen competition test. The affinities of IL-21HA variants towards the hIL-21Rα EC domain were determined using a modified ALPHAScreen assay (PerkinElmer) and performed in triplicate in 96-well white opaque half-area plates (PerkinElmer) as follows: First, 15 µl of biotinylated hIL-21HA (30 nM final concentration) was incubated with decreasing concentrations of hIL-21HA variants, prepared by serial dilution in binding buffer. After 10 minutes, 15 µl hIL-21Rα-His 6 (30 nM final concentration) was added to each well and incubated for 30 min at room temperature. Then 10 µl Ni 2+ chelating acceptor beads (1:100 dilution) were added to each well and incubated for 60 min at room temperature. Finally, 10 µl streptavidin-coated donor beads (1:100 dilution) were added to each well and incubated for 60 min at room temperature. All additions and incubations were made under subdued lighting conditions due to photosensitivity of the beads. The assay was measured on an EnVision™ microplate analyzer.
Biosensor experiments. All experiments were carried out on a BIAcore T100 system (Pharmacia Biosensor) at 25°C at a flow rate of 30 µl min -1 in HBS running buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.005% surfactant P20) with a data collection rate of 2.5 s
The IL-21Rα EC was immobilized onto Sensor chip SA through the C-term biotinylated Avi-tag at a density of 75-150 RU as detailed in the BIAapplications handbook (Pharmacia Biosensor AB, 1994).
To measure the affinity between the γC ectodomain and hIL-21 mut /IL-21Rα, IL-21Rα was first saturated with the IL-21 mutant and the resultant complex was then perfused with variable concentration of γC in the presence of a fixed concentration of IL-21 mutant in the running buffer.
RESULTS

Identification of hIL-21 γC binding interface by homology modelling.
Although the average sequence homology between the γC cytokines hIL-21, hIL-2 and hIL-4 is only about 17%, the topology of the four-helical bundle, which forms the core structure of these γC cytokines, is highly conserved. Still, some variation is seen with respect to the exact lengths of the rather flexible loop regions connecting the four helices. We have applied two structure-based approaches towards the identification of IL-21 residues likely to constitute part of the IL-21/γC binding interface. First, a structure-based alignment of IL-2, IL-4 and IL-21 was conducted (Fig. 1A) . From this alignment, one set of putative γC interacting residues could be identified directly on the basis of alignment to positions in IL-2 and IL-4, which had been demonstrated to form part of the γC binding interface in crystal structures of IL-2 and IL-4 receptor complexes, respectively (Fig. 1A) . Secondly, using the structure of IL-21 resolved by NMR analysis together with crystal structures of the IL-2/IL-2Rβ/γC (PDB code 2b5i) and IL-4/IL-4Rα/γC complexes (PDB code 3bpl), homology modelling was employed to build a model of the IL-21/IL-21Rα/γC complex. IL-21 residues present as part of the IL-21/γC binding interface in this model were similarly included as putative γC interacting residues. From this analysis the following residues of IL-21 were identified as positions potentially critical for γC binding: M 7 In the model of the ternary IL-21 receptor complex, the two receptor chains, IL-21Rα and γC, converge to form a Y shape with IL-21 positioned in close contact with both chains within the fork ( Fig. 1 ) similarly to the known structures of other type 1 cytokines. The IL-21 residues facing the γC chain are mainly located on the helices A and D. In contrast, modelling revealed that the binding surface towards the IL-21Rα predominantly is formed by residues present within the helices A and C of IL-21 (not shown in Fig. 1) .
Expression of hIL-21 mutants. In order to study the contribution of each of the IL-21 residues proposed to participate the binding of the γC chain, these residues were first studied by alanine substitution. Wt hIL-21 and the hIL-21 variants carrying single substitutions were transiently expressed by HEK293 cells in serum free medium. All constructs included a Cterminal HA tag, which has been shown to affect neither binding nor biological activity of the hIL-21 protein (data no shown). The HA-tag provided the ability to estimate concentration of the hIL-21 variants, by ALPHA screen, independent of the hIL-21 protein sequence. All of the hIL-21 variants were expressed in the monomer form, according to analysis on nonreducing SDS gels, and at rather low expression levels (~200 ng/ml, data not shown). Following expression, supernatants of the variants were collected and concentrated prior to further analysis.
Effect of hIL-21 mutations on γC binding. A BIAcore based binding assay was developed in order to examine whether the alanine exchange of the putative γC binding interface of hIL-21 had affected the binding affinity of the IL-21:γC interaction. Since formation of the binary IL-21/γC complex is characterized by a very low binding affinity (K D 160 µM), BIAcore analysis of the direct binding between the hIL-21 variants and the γC receptor chain was not feasible. Also, the γC ectodomain did not measurably bind to immobilized hIL-21Rα in the absence of hIL-21, even at a 10 µM concentration of γC present in the perfusate (11 Table 1 . These mutants may be viewed as falling into three categories: One mutant (E109A) showed a less than 2-fold decrease in γC binding affinity. Eight mutants (M7A, R11A, I14A, E100A, Q116A, I119A, H120A, and L123A) showed an at least 2-fold decrease in γC binding affinity, while one particular mutant, namely Q116A, showed an immeasurable low γC binding affinity. Surprisingly, three mutants (D18A, S113A, and K117A) showed a slightly increased γC binding affinity, mainly resulting from a slower dissociation rate.
According to our premise, variants with severely impaired γC binding are favourable in this approach towards the rational design of hIL-21 antagonists. However, in this alanine-scan analysis, most of the mutants generated showed at best only a slightly reduced γC binding affinity. Some of these hIL-21 residues may indeed be part of the hIL-21/γC interface however with just a minor contribution for each single residue to the total binding energy. Thus changing the side chain of such γC interface residues into alanine does not necessarily alter the γC binding very much. More pronounced effects compared to alanine mutations could potentially be obtained by the introducing of either steric hindrance, repulsion or mismatch through the substitution of a given amino acid side chain with a larger one or alternatively into a side chain representing a distinctly different chemical property. All of the predicted residues were therefore next mutated to either aspartic acid, or if the wt amino acid was charged, into an amino acid of the opposite charge. As expected, these more dramatically exchanged mutants showed a more severe effect on γC binding affinity compared to the alaninesubstituted mutants. Three mutants (M7D, E100R, and S113D) showed ~3-6-fold decreases in γC binding affinity and four mutants (R11D, K117D, H120D, L123D) showed ~10-50-fold decreases in γC binding affinity mainly due to a faster dissociation rate. Interestingly, three mutants (I14D, Q116D, and I119D) did not show kinetic rate constants within the measurable range due to very low affinities.
Effect of hIL-21 mutations on hIL-21Rα binding. According to the premise, a hIL-21 antagonist should have a markedly reduced affinity towards the signalling receptor chain, γC, while at the same time have a similar or even improved affinity to the overall receptor complex, as compared to the wt IL-21. In this setting, the affinity of the hIL-21 variants towards the hIL-21Rα 'private chain' should be undiminished, thus allowing the antagonist variants to compete efficiently with the wt hIL-21 agonist. An ALPHAscreen binding assay was employed to test the affinity of hIL-21 variants toward hIL-21Rα. In this assay, the hIL-21 variants were analyzed by competition with wt hIL-21 for binding to a bead-immobilized EC of hIL-21Rα. Relative affinities of IL-21 variants toward IL-21Rα are presented in Table 2 .
At only one position, D 18 , did the exchange with alanine markedly reduce the binding to hIL-21Rα (~13-fold). Similarly to the observation with binding to the γC, more significant effects were observed upon exchange into larger and charged side chains. Here several positions exhibited highly reduced binding towards IL-21Rα (>10-fold): R 11 (14) . With a focus on the identification of novel antagonists, hIL-21 variants, selectively impaired in binding to the γC chain (Q116D, H120D and L123D), were evaluated in an NK92 proliferation assay. Of these variants, H120D and L123D showed a slightly increased EC 50 value, whereas Q116D showed a more than 40-fold increased EC 50 value, and furthermore a ~4-fold decreased R max value ( Figure 3A) .
Through this analysis, residue Q 116 was identified as crucially important for γC binding and signal generation, but not for the binding of IL-21 to IL-21Rα, neither upon substitution by alanine nor aspartic acid. A Q116D mutation showed a more severely reduced biological activity than seen for Q116A. To determine whether any single substitution at position 116 of hIL-21 can totally abolish biological activity, further substitutions by a series of other amino acid resides representing different sizes and/ or chemically distinct side chains (E, N, L, V, S, Y, F, K) were introduced. All of these mutants showed a less pronounced alteration of R max value compared to Q116D ( Figure 3B ). Substitution of position Q 116 by leucine resulted in a 30-fold increased EC 50 value, which is similar to that observed for Q116D, and a ~3-fold decreased R max value. Remarkably, mutants Q116N and Q116E showed very similar activity profile to wt hIL-21. Thus, while the activity of the two Q116 mutants, Q116D and Q116L, was significantly reduced, no single-point mutants within our proposed γC epitope set were totally inactive.
hIL-21[Q116D;H120D] and hIL-21[Q116D; L123D] behave as antagonists in vitro.
Seeking the generation of hIL-21 antagonist(s) with fully abolished biological activity, we next generated two double mutants through the combination of Q116D with H120D and L123D, respectively. The binding of both of these double mutants, hIL-21[Q116D;H120D] and hIL-21[Q116D;L123D] to hIL-21Rα equaled that of wt hIL-21, yet both double mutants failed to induce the proliferation of NK92 cells ( Figure  4C and 4A) . Moreover, these hIL-21 variants inhibited hIL-21 induced proliferation of NK92 cells in a dose-dependent manner ( Figure 4B ). Thus, in this bioassay, both mutants acted as full antagonists of the hIL-21 wt cytokine.
hIL-21[Q116D;H120D] and hIL-21[Q116D; L123D] show better inhibitory effect than hIL-21[Q116D;I119D].
A putative hIL-21 antagonist including two point mutations, hIL-21[Q116D;I119D], has previously been reported (15) . To further evaluate the novel hIL-21 antagonists reported in this communication, we performed a direct comparison of all three variants, which interestingly share the mutation Q116D. In the NK92 proliferation assay, neither antagonist demonstrated any measurable activity ( Figure 4A ). However, in the inhibitory competition assay, the effect of hIL-21[Q116D;I119D] was in the order of 100 times lower than that of our newly identified antagonists, hIL-21[Q116D;H120D] and hIL-21[Q116D;L123D] ( Figure 4B ). According to our analysis of receptor binding, the I119D mutant has a dramatically reduced binding affinity to the γC receptor chain. In contrast to the H120D and L123D mutations included in our new antagonists, the I119D mutation also results in a significantly reduced affinity towards the hIL-21Rα chain, which in turn decreases the affinity of hIL-21[Q116D;I119D] towards hIL-21Rα ( Figure 4C ). The selective elimination of γC binding is thus a unique characteristic of the two novel antagonists, hIL-21[Q116D;H120D] and hIL-21[Q116D;L123D], reported in this paper.
DISCUSSION
Rationale for the identification of antagonists.
A common feature of the γC cytokines which have been subjected to structural analysis, is that the binding energy of the cytokine:receptor complex is provided predominantly by the interaction between the cytokine and the 'private' receptor chain (eg. IL-2Rβ, IL-4Rα, IL-21Rα), while the interaction between the cytokine and γC, albeit essential for signalling, is rather weak. Also whereas formation of the cytokine:'private chain' complex is driven mostly by electrostatic interactions, the binding interactions between the cytokine and the γC chain are largely apolar in nature. Mutational analysis and crystal structures of IL-2 and IL-4 suggest and support these conclusions (16) .
In the present paper, we have performed a mutational scan of hIL-21 in order to elucidate residues involved in binding of the γC chain and especially such positions which upon mutagenesis strongly diminish the γC interaction, while at the same time leave the high affinity binding to the hIL-21Rα chain unaffected. In theory, such mutants do not have the capacity to induce signalling but can still compete for IL-21 receptor binding with wt IL-21, thereby representing putative antagonists. Importantly, we have taken advantage of structural information available for the IL-2 and IL-4 receptor complexes, thus allowing a rational structure-based strategy in the analysis of hIL-21. Further, all of the residues, which according to our structural alignment correspond to positions homologous to residues which within IL-2 and/or IL-4 have been reported as γC binding residues, were investigated.
γC epitope in different cytokines. Resolution of the crystal structures of receptor-bound IL-2 and IL-4 as well as mutational analysis, including IL-21, suggest that binding of the cytokines by the shared receptor subunit, γC, employs overlapping, yet also distinct sets of epitopes (7;9;11;17) .
X-ray analysis of the IL-2 and IL-4 receptor complexes has revealed structurally highly similar interfaces between each of the cytokines and γC, in both complexes burying an area of about 1000 Å 2 and with a similar ratio of polar/apolar surfaces (7). Conserved apolar canyons on both IL-2 and IL-4 accept the protruding γC residue Y (11) . Our data further support the notion that a common structural basis for γC binding does indeed exist within the γC cytokine family, however distinct differences within the functional γC epitope are observed between the different γC cytokines.
Separation of the γC and the IL-21Rα binding epitopes of IL-21.
For all of the γC cytokines that have been analyzed, namely IL-2 and IL-4, residues critical for binding of the private chain are predominantly found in the helix A and C segments, partially separate from the γC epitopes residing in the helix A and D segments. Binding epitopes for the two receptor chains are thus intertwined on helix A. Furthermore the basic assumption in the interpretation of mutational mapping, that the substitutions change only the chemical property of the side chain without disturbing the local structure, is not always fulfilled. Therefore, the γC binding residues, especially those located in helix A, are likely to affect the binding of both receptor chains, γC and IL-21Rα, upon mutagenesis. We have in the present report analyzed not only the effect on γC binding following the exchange of residues predicted to form the binding epitope for this receptor subunit, but also the effect on IL-21Rα binding. This is in contrast to the studies of IL-4 and IL-2 where only binding to the γC was analyzed. Three classes of mutants were obtained in our study based on the observed effect of alanine substitution on γC and IL-21Rα affinity, using 2-fold impaired affinity as a cut-off. The first class of mutants (M7A, R11A, E100A, Q116A, H120A, and L123A) showed a decrease of γC binding affinity without impairing IL-21Rα binding. The second class of mutants (I14A and I119A) were characterized by impairing both γC and IL-21Rα binding affinity. The last class of mutants (D18A, E109A, and K117A) only impaired the IL-21Rα binding affinity. When charged/or chemically distinct side chains were introduced at potential γC binding sites, three additional mutants were identified (Q116D, H120D, and L123D), which showed more severely impaired γC binding affinity than their corresponding alanine mutants, and yet unimpaired IL-21Rα binding affinity.
Mutational analysis of the γC cytokine IL-4 parallels observations reported here for IL-21. In IL-4, mutational exchange has thus demonstrated the feasibility of functionally separating the high-affinity binding mediated predominantly via the private chain, IL-4Rα, and receptor signalling via the γC receptor chain. Two distinct sites, site I and site II, are critical for each of these functional characteristics. Site I is composed of residues present in helices A and C. Site I variants of IL-4 are affected in receptor binding as reflected in higher EC 50 values, while efficacies similar to those observed for the wt IL-4 are achieved at sufficiently high concentrations. In contrast, site II mutants, are characterized by EC 50 values similar to that of the wt protein but highly reduced R max values, or even mutants completely devoid of detectable activity (19;21) . These mutants show unaffected high-affinity binding to the private IL-4Rα chain, yet impaired in γC binding, as subsequently directly demonstrated by cross-linking analysis (22) . Interestingly, site II was noticed to be dominated by residues which together form a hydrophobic patch. This observation has later been fully corroborated by the resolution of the X-ray structure of the IL-4/IL-4Rα/γC complex (7) . Clearly, the introduction of an aspartic acid residue within this hydrophobic patch represents a dramatic change, spatially as well as physiochemically, a common observation at this site in IL-2, IL-4 and IL-21.
IL-4 antagonists have been generated by abolishment of γC binding through the simultaneous mutagenesis of two critical γC binding residues, R Solution structures of the IL-4 mutants, Y124G IL-4 and Y124D , which are both partial antagonists, the latter most efficaciously, have been determined by NMR (23) . The overall structures of these variants were observed to be only minutely perturbed relative to the wt protein, including specifically the helical protein structures immediately surrounding the mutated residues. It thus seems plausible that the changed activity of these mutants can be ascribed to changes introduced within the hydrophobic interaction patch. This interpretation gained further support from the observation that mutational exchange of a Tyr residue with either of the hydrophobic substituents, Phe or His, had but a minor effect, while removal of the hydrophobic residue through the introduction of a Gly residue resulted in a markedly reduced activity (21) . It is at present not known whether the mutations in helix D that confers antagonism to hIL-21 disturb the structure of the protein.
Phenotype of antagonistic mutants. The helix D mutants Q116D, H120D and L123D, which were identified here as representing selective γC mutations, were tested for biological activity in the NK92 proliferation assay. Two of the mutants, H120D and L123D, showed slightly increased EC 50 value, ~2-fold and ~4-fold respectively, and unchanged R max values. This rather minor decrease in potency, surprising in view of a significantly reduced γC binding (37-fold and 46-fold respectively), may be compensated by the increased IL-21Rα affinity seen for these mutants, (~3.3-fold for H120D and ~2.5-fold for L123D), thus reflecting the importance of IL-21Rα affinity for signal generation. Alternatively, the γC binding affinity of wt hIL-21 may surpass the requirements for cellular signalling, as seen in the growth hormone system where native hGHreceptor affinity significantly exceeds the basic requirement for cellular activity (24). The third selective γC mutant identified in helix D, Q116D, did not show any measurable affinity to γC, yet could still stimulate the proliferation of NK92 cells although with a ~40-fold increased EC 50 value and ~4-fold decreased R max value.
Position 116 was identified as a γC epitope particularly sensitive to mutagenesis, as even alanine substitution at this position had a marked effect. Thus, both of the exchanges, Q116A and Q116D, resulted in significantly decreased γC affinity in our analysis. To further elucidate this position, a thorough mutagenesis was performed, including the exchange into each of the following residues: N, E, K, L, V, F, Y, and S. Although several of these mutants were affected in the affinity towards γC, none of them had completely lost the competence for induction of NK92 proliferation. Amongst the mutants, Q116D, Q116L and Q116Y showed significantly decreased efficacy without changing the affinity to IL-21Rα. The mutants Q116E and Q116N exhibited very similar activity profiles to the wt hIL-21. Mutation Q116D exhibited larger effect than any of the other mutants, an observation which could not simply be explained by the introduction of a negative charge or the variation in size of the different side chains. Additional conformational effects may contribute to the large effect in this case. As Q116D showed the most significantly impaired potency and R max value within the series of Q 116 mutants, it was chosen as the critical constituent for the generation of IL-21 antagonists, which we obtained through the construction of double substitution mutants. 
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The abbreviations used are: IL-21, interleukin 21; hIL-21, human IL-21; hIL-21Rα, hIL-21 receptor chain alpha; γC ,common gamma chain; IL-X, interleukin X; hIL-X, human IL-X; hIL-XRy, hIL-X receptor chain y; wt, wild type; PCR, polymerase chain reaction; NMR, nuclear magnetic resonance. concentration inducing 50% of maximal response, followed by adding serial dilutions of antagonistic IL-21 variants or PBS as blank control. After 72 hours incubation, proliferation was quantified by Alamar-Blue reduction; (C) Relative affinities of antagonistic IL-21 variants toward IL-21Rα were measured using an ALPHAscreen competition test. Increasing concentrations of IL-21 variants were added to compete the binding of biotinylated IL-21 to IL-21Rα-His 6 . The curves represent one experiment performed in triplicate and the error bars represent the SD. All of the experiments were repeated at least three times with similar results. IL-21 variants were expressed by HEK293 cells and used as crude supernatants. Protein concentrations were measured relative to wt IL-21 using an ALPHAscreen based assay. wt, wild type; SD, standard deviation. 
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